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The  preparation  of  highly  dispersed  precious  metal  catalysts  is  an  important  subject  for  fuel  cell  applica¬ 
tions.  Here,  using  a  phosphomolybdic  acid  (PM012  )-assisted  method,  a  Pd-PMo^/C  catalyst  with  uniform 
Pd  nanoparticles  is  prepared.  The  TEM  results  show  that  the  presence  of  PM012  facilitates  the  formation 
of  uniform  Pd  particles  with  an  average  particle  size  of  3.2  nm.  More  importantly,  the  Pd-PMo^/C  cata¬ 
lyst  displays  an  enhanced  activity  and  stability  for  formic  acid  electro-oxidation  and  a  better  tolerance 
toward  CO  poisoning  than  Pd  nanocatalysts  prepared  with  sodium  citrate  as  a  stabilizer.  A  combination 
of  the  composition  and  structure  analyses  show  that  the  reasons  for  the  improved  electro-catalytic  activ¬ 
ity  of  the  Pd-PMo^/C  catalyst  involve  the  metal-support  interaction,  the  richer  Pd  oxide/hydrous  oxide 
content  and  the  inherent  properties  of  PM012. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  formic  acid  has  arisen  as  an  interesting  fuel  for  use  in 
fuel  cell  technology  and  has  attracted  intensive  attention  due  to 
several  attractive  features,  such  as  reduced  toxicity,  higher  kinetic 
activity  and  lower  fuel  crossover  through  Nation  membranes  than 
methanol  [1-3].  For  anode  catalysts  applied  in  direct  formic  acid 
fuel  cells  (DFAFCs),  Pd-based  materials  have  been  extensively  stud¬ 
ied  because  of  their  higher  catalytic  activity  for  the  formic  acid 
electro-oxidation  reaction  (FAEO),  lower  cost  and  greater  abun¬ 
dance  than  Pt  [4-6].  However,  recent  progress  has  shown  that  a 
gradually  build-up  of  adsorbed  CO  (COads)  or  a  ‘CO-like’  intermedi¬ 
ate  has  caused  the  deactivation  of  Pd  catalysts.  As  a  result,  Pd-based 
DFAFCs  possessed  a  limited  lifetime  and  required  a  periodic  oxida¬ 
tive  removal  of  these  poisoning  species  to  restore  the  full  operating 
power,  which  has  seriously  restricted  their  practical  application 
[7,8].  The  poor  stability  of  catalysts  is  generally  caused  by  irrecov¬ 
erable/irreversible  loss  (i.e.,  the  loss  of  electrochemical  surface  area 
due  to  particle  growth/sintering  or  dissolution,  carbon  corrosion, 
etc.)  and  recoverable/reversible  loss  (i.e.,  the  accumulation  of  a  poi¬ 
soning  intermediate  or  other  recoverable  material  changes).  Here, 
the  accumulation  of  poisoning  species  on  the  surface  of  Pd  cata¬ 
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lysts  accelerated  their  decay  rate,  and  simultaneously,  the  oxidative 
treatment  to  remove  the  poisoning  species  sped  the  dissolution  of 
Pd  nano-particles  (NPs).  This  led  to  the  irreversible  loss  of  elec¬ 
trochemical  surface  area  and  deteriorated  the  stability  of  the  Pd 
catalyst.  Therefore,  improving  the  resistance  of  the  Pd  catalyst  to 
the  poisoning  species  is  a  preferable  method  for  alleviating  the 
deactivation  of  the  Pd  catalyst  compared  with  the  oxidative  treat¬ 
ment  [7,9-11]. 

On  the  other  hand,  in  developing  Pd-based  anode  catalysts,  it 
is  important  to  prepare  highly  dispersed  and  stabilized  Pd  NPs. 
Generally,  the  interactions  between  support  and  catalytic  metals 
have  an  important  influence  on  the  particle  nucleation  and  growth 
processes  that  determine  the  metal  particle  size  and  dispersion. 
Introducing  appropriate  functional  groups  on  the  support  surface 
is  an  effective  method  for  facilitating  the  deposition  and  dispersion 
of  metal  NPs  [12,13].  For  example,  the  chemical  oxidation  treat¬ 
ment  of  carbon  materials  (e.g.,  refluxing  in  HN03  or  H2S04/HN03 
solution)  is  usually  adopted  to  produce  oxygen-containing  groups 
acting  as  anchor  sites  (— COOH,  — C=0,  etc.)  [13-15].  Unfortu¬ 
nately,  the  chemical  oxidation  method  simultaneously  introduces 
structural  defects  that  reduce  the  electrical  conductivity  and  the 
durability  of  the  carbon  support  [14,16].  The  effective  dispersal 
of  metal  NPs  onto  un-oxidized  and  complete-structure  carbon 
materials  remains  an  interesting  issue.  Keggin-type  heteropoly¬ 
acids  (HPAs)  are  known  to  adsorb  irreversibly  on  carbon  and  metal 
surfaces  [15,17].  For  example,  heteropolyanion  monolayer-coated 
electrodes  can  be  formed  by  simply  soaking  the  electrode  in  an 
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acidic  aqueous  solution  of  heteropolyanion  [18].  Further,  it  has 
been  reported  that  HPAs  can  enhance  the  electrocatalytic  activity 
of  Pt  catalysts  for  methanol  oxidation  and  oxygen  reduction  due 
to  their  excellent  redox  properties  and  high  protonic  conductivity 
[15,17,19,20]. 

In  this  study,  phosphomolybdic  acid  (PMo12),  a  keggin-type 
polyoxometalate,  was  used  to  synthesize  Pd  NPs.  Using  this 
method,  it  was  easy  to  obtain  uniform  and  small-sized  Pd  NPs 
(3.2  nm).  More  importantly,  the  Pd  catalyst  prepared  by  the  PMoi2- 
assisted  method  (Pd-PMo12/C)  showed  an  enhanced  activity  for 
the  FAEO  and  a  higher  tolerance  toward  CO  poisoning  than  the  Pd 
catalyst  prepared  with  sodium  citrate  as  a  stabilizer  (Pd/C-citrate). 

2.  Experimental 

2.1.  Catalysts  preparation 

The  Pd-PMo12/C  catalyst  was  prepared  as  follows:  50  mg  of  Vul¬ 
can  XC-72  carbon,  21 5  mg  of  PMoi2  and  20.8  mg  of  PdCl2  (dissolved 
in  1  M  hydrochloric  acid)  were  added  to  1 00  mL  of  deionized  water. 
The  above  suspension  was  ultrasonically  dispersed  and  then  stirred 
for  10  h  to  ensure  that  PMo12  was  adsorbed  onto  the  Vulcan  XC  72 
carbon.  Subsequently,  the  pH  value  of  the  suspension  was  adjusted 
to  ca.  4.0  with  a  50%  (V/V)  aqueous  ammonia  solution.  Subse¬ 
quently,  50  mL  of  a  freshly  prepared  aqueous  solution  of  NaBH4 
(44  mg)  were  added  dropwise  to  deposit  the  Pd  NPs.  The  mixture 
was  filtered,  and  the  solid  was  washed  with  warm  deionized  water 
and  then  dried  in  a  vacuum  oven  at  80  °C  overnight.  For  compari¬ 
son,  sodium  citrate  was  also  used  as  a  stabilizer  to  prepare  the  Pd/C 
catalyst.  This  synthesis  method  was  similar  to  the  above  procedure 
except  that  215  mg  of  PMoi2  was  replaced  by  173  mg  of  sodium 
citrate  as  a  stabilizer.  The  carbon-supported  PMoi2  (PMoi2/C)  was 
prepared  as  follows:  500  mg  of  Vulcan  XC  72  carbon  was  added 
to  50  mL  of  5mgmL-1  PMo12  aqueous  solution  containing  1M 
hydrochloric  acid.  The  suspension  was  ultrasonically  dispersed  and 
then  stirred  for  1 0  h.  The  suspension  was  filtered,  and  the  solid  was 
washed  with  warm  deionized  water  and  then  dried  in  the  vacuum 
oven  at  80  °C  overnight. 

2.2.  Physical  characterizations 

The  size  and  morphology  of  the  catalysts  were  analyzed 
by  transmission  electron  microscopy  (TEM)  operating  at  200  kV 
(Philips  TECNAI  G2).  The  X-ray  diffraction  (XRD)  patterns  of  the 
catalysts  were  obtained  using  a  PW1700  diffractometer  (Philips 
Co.)  with  a  Cu  Ka  (1  =  0.15405  nm)  radiation  source  operating  at 
40  kV  and  30  Ma.  X-ray  photoelectron  spectroscopy  (XPS)  was  con¬ 
ducted  using  an  ESCALAB  MKII  photoelectron  spectrometer  (VG 
Scientific).  The  XPS  experiments  were  performed  in  a  spectroscopy 
chamber  using  a  standard  Al  anode  X-ray  source.  The  Pd  3d  and  Mo 
3d  signals  were  collected  and  analyzed  with  deconvolution  of  the 
spectra  using  XPS  Peak  software.  The  bulk  composition  of  the  cat¬ 
alysts  was  evaluated  by  energy  dispersive  X-ray  analysis  (EDX)  on 
a  JEOLJAX-840  scanning  electron  microscope  operating  at  20  kV. 

2.3.  Electrochemical  measurements 

All  the  electrochemical  measurements  were  performed  with 
an  EG&G  mode  273  potentiostat/galvanostat  and  a  conventional 
three-electrode  test  cell  at  ambient  temperature.  The  catalyst  ink 
was  prepared  by  ultrasonically  dispersing  the  mixture  of  5  mg  of 
the  catalyst,  950  pX  of  ethanol,  and  50  pX  of  Nation  alcohol  solu¬ 
tions  (Aldrich,  5  w/o  Nation).  Next,  5  pX  of  the  catalyst  ink  was 
pipetted  and  spread  on  the  3-mm  diameter  pre-cleaned  glassy 
carbon  disk  for  use  as  the  working  electrode.  A  Pt  foil  and  a  KC1- 
saturated  silver-silver  chloride  electrode  (Ag/AgCl)  were  used  as 
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Fig.  1.  EDX  spectra  of  the  PM012/C  (A)  and  Pd-PMoi2/C  catalysts  (B). 


the  counter  and  reference  electrodes,  respectively.  To  evaluate  the 
catalytic  activity  for  the  FAEO,  the  cyclic  voltammetry  experiments 
were  then  performed  in  0.5  M  H2S04  +  0.5  M  HCOOH  solution  with  a 
scan  rate  of  20  mV  s-1 .  The  chronoamperometric  experiments  were 
performed  in  the  same  solution  at  a  potential  of  0.2  V  for  3600  s.  The 
electrochemical  surface  areas  (ESA)  of  the  catalysts  were  estimated 
by  the  COad  stripping  test,  assuming  that  the  coulombic  charge 
required  for  the  oxidation  of  the  COad  monolayer  was  420  p,C  cm-2. 
All  the  electrolyte  solutions  were  deaerated  by  high-purity  nitrogen 
for  at  least  10  min  prior  to  any  measurements. 

3.  Results  and  discussion 

3.1.  EDX ,  XRD,  TEM  and  XPS  analyses 

The  physical  properties  of  the  catalysts  were  characterized  by 
EDX,  XRD,  XPS  and  TEM.  EDX  was  used  to  detect  the  presence 
of  PMoi2  in  the  carbon  support.  Fig.  1  shows  the  EDX  spectrum 
of  PMo12/C  and  the  Pd-PMoi2/C  catalyst.  The  co-existence  of  Mo 
and  P  characteristic  peaks  in  PMoi2/C  and  the  Pd-PMoi2/C  cata¬ 
lyst  reveals  that  PMoi2  are  adsorbed  on  the  carbon  and/or  metal 
surface.  The  crystalline  structures  of  the  catalysts  were  investi¬ 
gated  by  XRD  analysis.  As  shown  in  Fig.  2a,  PMoi2/C  exhibits  the 
characteristic  peaks  of  the  C  (0  0  2)  and  (1  0  0)  planes  at  approx¬ 
imately  20°  and  25°,  respectively.  When  compared  with  PMo12 
(Fig.  2b),  PMoi2/C  shows  no  noticeable  diffraction  peaks  that  can 
be  assigned  to  crystallized  PMoi2  or  Mo  oxides.  Thus,  it  could  be 
said  that  PMoi2  adsorbed  on  a  carbon  surface  is  in  a  highly  dis¬ 
persed  manner  with  no  agglomeration,  which  is  consistent  with 
previous  reports  [19,21].  Fig.  2c  and  d  display  similar  profiles  for 
Pd/C-citrate  and  Pd-PMo12/C  catalysts  in  which  the  characteristic 
peaks  of  a  crystalline  face-centered  cubic  Pd  phase  can  be  observed. 
Similar  to  PMoi2/C,  there  are  no  obvious  signals  for  PMoi2  in  the 
XRD  pattern  of  the  Pd-PMo12/C  catalyst. 

Fig.  3  displays  the  TEM  images  and  the  corresponding  size  dis¬ 
tribution  histograms  of  the  Pd-PMoi2/C  and  Pd/C-citrate  catalysts. 
The  size  distributions  were  obtained  by  measuring  the  sizes  of  100 
randomly  selected  particles  in  the  magnified  TEM  images.  As  shown 
in  Fig.  3A  and  B,  Pd  NPs  on  the  PMoi2/C  support  are  remarkably  uni¬ 
form  and  have  a  rather  narrow  size  distribution  with  an  average 
particle  size  of  ca.  3.2  nm.  In  contrast,  the  Pd  NPs  of  the  Pd/C-citrate 
catalyst  are  dispersed  in  a  relatively  wide  size  distribution,  and  the 
average  particle  size  is  approximately  3.5  nm.  This  result  indicates 
that  the  introduction  of  PMoi2  for  Pd-PMoi2/C  catalyst  is  bene¬ 
ficial  to  the  dispersion  and  stabilization  of  Pd  NPs  [15,19,22,23]. 
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Fig.  2.  XRD  patterns  of  PM012/C  (a),  PM012  (b),  the  Pd/C-citrate  catalyst  (c)  and  the  Pd-PMo^/C  catalyst  (d). 


Specifically,  the  PM012  adsorbed  on  the  carbon  surface  offered  a 
large  number  of  uniformly  distributed  active  sites  for  anchoring  Pd 
NPs  [15].  Meanwhile,  electrostatic  repulsive  interactions  induced 
by  PM012  anions  prevented  Pd  NPs  from  agglomerating  [19,22]. 

XPS  was  used  to  determine  the  surface  composition  of  the  cata¬ 
lysts  and  possible  electronic  interactions.  As  shown  in  Fig.  4,  the  Pd 
3d5/2  signals  of  the  catalysts  were  deconvolved  into  three  compo¬ 
nents  assigned  to  metallic  Pd,  Pd  (II)  and  Pd  (IV)  species.  The  binding 
energies  (BE)  of  the  Pd,  Pd  (II)  and  Pd  (IV)  species  for  the  Pd/C- 
citrate  catalyst  are  ca.  335.50,  336.70,  and  337.85  eV,  respectively, 
while  those  for  the  Pd-PMo^/C  catalyst  are  ca.  335.70,  336.75, 
and  338.20  eV,  respectively.  Clearly,  the  BE  of  Pd  3d5/2  for  the  Pd- 
PM012/C  catalyst  was  shifted  to  a  higher  BE  direction  compared 
with  the  Pd/C-citrate  catalyst.  In  addition,  the  Pd-PMo^/C  catalyst 
displayed  a  much  higher  Pd  oxide  content  containing  Pd  (II)  and  Pd 
(IV)  species  (70%)  than  the  Pd/C-citrate  catalyst  (52%).  Considering 
a  similar  particle  size  between  the  Pd-PMo^/C  and  Pd/C-citrate 
catalysts,  the  particle  size  effect  should  not  be  responsible  for  this 
BE  shift  and  the  increased  Pd  oxide  content  [24].  It  is  likely  that  the 
metal-support  interaction  between  Pd  and  PMo12/C  accounted  for 
these  observations  [25].  This  type  of  metal-support  interaction  can 
be  supported  by  the  analysis  of  the  Mo  3d  spectra.  Fig.  5A  shows 
the  Mo  3d  signal  of  PM012/C  in  which  the  BE  of  3d5/2  and  3d3/2  are 
232.01  and  235.16  eV,  respectively,  and  were  assigned  to  Mo  (VI) 
of  PMo12  [23].  In  contrast,  according  to  Fig.  5B,  the  BE  of  3d5/2  and 
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Fig.  3.  TEM  images  and  corresponding  particle  size  distribution  histograms  of  the 
Pd-PMoi2/C  catalyst  (A,  C)  and  the  Pd/C-citrate  catalyst  (B,  D). 


3d3/2  of  Mo  (VI)  for  the  Pd-PMo^/C  catalyst  were  ca.  231.92  eV 
and  235.14  eV,  respectively,  which  shows  a  negative  shift  in  BE 
compared  with  Mo  12/C.  The  BE  at  ca.  230.9  eV  and  234.1  eV  can 
be  attributed  to  the  Mo  (IV)  species,  as  a  result  of  the  reduction  of 
the  Mo  (VI)  species  by  NaBH4. 


Binding  Energy  /  eV 

Fig.  4.  XPS  spectra  of  Pd  3d  in  the  Pd/C-citrate  catalyst  (A)  and  the  Pd-PMo^/C 
catalyst  (B). 
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Fig.  6.  CO-stripping  voltammograms  of  the  Pd-PMoi2/C  catalyst  (a)  and  the  Pd/C- 
citrate  catalyst  (b)  in  0.5  M  H2SO4  solution  with  scan  rate  of  50  mV  s-1 .  The  currents 
were  normalized  to  the  electrode  area. 


3.2.  Electrochemical  performance  analysis 

To  evaluate  the  resistance  to  COads  poisoning,  the  COads  strip¬ 
ping  curves  of  the  two  Pd  catalysts  were  compared  in  Fig.  6. 
The  peak  potential  of  COads  oxidation  for  the  Pd-PMo^/C  cata¬ 
lyst  was  0.717  V,  which  is  negatively  shifted  by  24  mV  compared 
with  the  Pd/C-citrate  catalyst  at  0.741  V.  This  result  indicated  that 
the  Pd-PMo12/C  catalyst  has  a  much  higher  tolerance  toward  COads 
poisoning  than  the  Pd/C-citrate  catalyst. 

Fig.  7  shows  the  cyclic  voltammograms  (CVs)  used  to  evaluate 
the  electrocatalytic  activities  of  the  Pd-PMoi2/C  and  Pd/C-citrate 
catalysts  for  the  FAEO.  The  two  catalysts  both  showed  a  main  peak 
at  ca.  0.2-0.3  V,  which  was  mainly  attributed  to  the  FAEO  via  the 
direct  pathway,  and  a  small  shoulder  peak  near  0.5  V  related  to  the 


Fig.  7.  Cyclic  voltammograms  of  formic  acid  oxidation  on  the  Pd-PMo^/C  catalyst 
(a)  and  the  Pd/C-citrate  catalyst  (b)  in  0.5  M  H2S04  +  0.5  M  HCOOH  solution  with  a 
scan  rate  of  20mVs~1.  The  currents  were  normalized  to  the  mass  of  Pd  (top)  and 
the  electrochemical  surface  areas  of  these  catalysts  (bottom). 


Fig.  8.  Chronoamperometry  of  formic  acid  oxidation  on  the  Pd-PMo  12/C  catalyst  (a) 
and  the  Pd/C-citrate  catalyst  (b)  in  0.5  M  H2S04  +  0.5  M  HCOOH  solution  potential, 
controlled  at  0.2  V  vs.  Ag/AgCl. 


oxidation  of  adsorbed  CO-like  species  [8,26].  In  the  low  potential 
region  (below  0.3  V),  a  more  useful  potential  region  for  DFAFCs, 
the  Pd-PMoi2/C  catalyst  consistently  displayed  a  much  higher  cur¬ 
rent  density  than  the  Pd/C-citrate  catalyst.  Specifically,  the  current 
density  at  0.2  V  for  the  Pd-PMoi2/C  catalyst  was  1017  mA mg-1  Pd 
which  was  1.3-fold  higher  than  that  for  the  Pd/C-citrate  catalyst 
(786  mA mg-1  Pd).  In  addition,  the  onset  and  peak  potentials  for 
the  Pd-PMoi2/C  catalyst  were  negatively  shifted  by  100  and  55  mV 
compared  with  the  Pd/C-citrate  catalyst.  To  compare  the  intrinsic 
activity  of  the  catalysts,  the  current  was  normalized  to  the  ESA  of 
the  catalysts,  as  shown  in  Fig.  7b.  Clearly,  an  enhanced  activity  for 
the  Pd-PMoi2/C  catalyst  was  achieved  relative  to  the  Pd/C-citrate 
catalyst. 

Fig.  8  shows  the  chronoamperometric  curves  at  0.2  V,  which 
reflect  the  activity  and  the  stability  of  catalysts.  Consistent  with 
the  results  of  the  CVs,  the  Pd-PMoi2/C  catalyst  possessed  a  much 
higher  initial  current  density  than  the  Pd/C-citrate  catalyst.  Consid¬ 
ering  the  difference  in  the  initial  current  of  the  catalysts,  the  current 
at  3600  s  was  normalized  to  the  initial  current  to  compare  their  sta¬ 
bility.  The  calculated  results  were  approximately  1 5%  and  4%  for  the 
Pd-PMoi2/C  and  Pd/C-citrate  catalysts,  respectively.  Given  that  the 
‘stability’  could  be  defined  as  the  decay  rate  of  the  catalyst,  the 
chronoamperometric  results  demonstrated  that  the  Pd-PMoi2/C 
catalyst  had  better  stability  during  the  FAEO  compared  to  the  Pd- 
PMoi2/C  catalyst.  It  should  be  noted  that  the  stability/decay  rates  of 
the  catalyst  was  determined  jointly  by  irreversible  and  reversible 
loss.  The  smaller  particle  size  with  a  larger  surface  energy  facili¬ 
tated  the  growth  and  agglomeration  of  NPs,  and  led  to  a  faster  loss 
of  electrochemical  surface  area.  However,  in  light  of  the  very  small 
particle  size  differences  between  the  Pd-PMoi2/C  and  Pd/C-citrate 
catalysts  (3.2  nm  vs.  3.5  nm),  the  difference  in  particle  size  was  not 
the  dominant  factor  in  determining  the  decay  rate  of  the  studied 
Pd  catalysts.  In  contrast,  the  poisoning  effect  played  a  more  impor¬ 
tant  role  in  determining  the  stability  of  the  presented  Pd  catalysts. 
Indeed,  the  Pd-PMoi2/C  catalyst  with  greater  tolerance  to  CO-like 
poisoning  species  displayed  a  slower  decay  rate  (85%  loss  per  hour) 
than  the  Pd/C-citrate  catalyst  (96%  loss  per  hour).  In  combination 
with  the  CVs  data,  this  result  substantially  supported  the  finding 
that  the  Pd-PMoi2/C  catalyst  had  an  enhanced  activity  and  stabil¬ 
ity  for  the  FAEO.  This  result  could  be  attributed  to  the  following 
reasons.  First,  from  previous  reports,  the  metal-support  interac¬ 
tion  played  a  key  role  in  determining  the  catalytic  performances. 
This  interaction  modified  the  electronic  and  catalytic  properties  of 
metal  NPs  and  led  to  the  activation  of  both  the  dispersed  metal 
and  the  support  matrix  for  the  electrode  processes.  The  positive 
shift  in  BE  for  the  Pd-PMoi2/C  catalyst  indicated  a  changed  elec¬ 
tronic  structure  and  density  of  the  state  of  Pd  NPs.  Zhou  et  al.  [24] 
observed  that  the  Pd  NPs  with  higher  BEs  displayed  an  increased 
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activity  for  the  FAEO.  They  attributed  this  observation  to  a 
decreased  adsorption  energy  of  the  formate  intermediate,  which 
intrinsically  enhances  the  rate  of  the  FAEO  via  the  direct  pathway. 
Flere,  the  higher  BE  for  the  Pd-PMo  12/C  catalyst  suggested  an  accel¬ 
erated  kinetic  rate  of  the  FAEO.  This  is  in  agreement  with  the  data 
for  the  Pd-PMoi2/C  catalyst,  which  had  a  higher  current  of  0.2  V,  as 
compared  with  the  Pd/C-citrate  catalyst.  Second,  recent  progress 
showed  that  the  FAEO  on  the  Pd  surface  gradually  produced  CO-like 
poisoning  species  which  caused  the  deactivation  of  the  Pd  catalyst 
[8,27].  These  species  can  only  be  oxidatively  removed  by  a  simi¬ 
lar  bifunctional  mechanism  (Pd— CO  +  Pd— OFI  ->  Pd  +  C02  +  FT  +  e- ), 
in  which  oxygen-containing  species  on  a  neighboring  surface  site 
are  necessary  for  the  removal  of  COads  species  [26,28].  The  intrin¬ 
sic  presence  or  introduction  of  Pd  oxides/hydrous  oxides  during 
the  FAEO  should  promote  the  removal  of  the  poisoning  species, 
thereby  leading  to  a  better  electrocatalytic  property  [4].  A  richer 
Pd  oxide/hydrous  oxide  species  mix  for  the  Pd-PMoi2/C  catalyst 
may  facilitate  the  oxidation  of  the  CO-like  intermediate  by  provid¬ 
ing  more  available  oxygen-containing  species  at  lower  potentials 
than  the  Pd/C-citrate  catalyst.  The  COads  stripping  tests  demon¬ 
strated  that  the  facile  removal  of  CO-like  intermediates  adsorbed 
on  the  surface  of  the  Pd-PMo12/C  catalyst  promoted  the  activity 
and  minimized  performance  degradation  of  the  Pd-PMoi2/C  cat¬ 
alyst.  Lastly,  according  to  previous  reports,  FIPA  anions  showed 
the  ability  to  facilitate  the  electrooxidation  of  intermediate  species 
such  as  COads  or  the  CO-like  species  during  methanol  electroxida- 
tion  [15,19,29,30].  Therefore,  the  redox  property  of  PMoi2  anions 
should  have  a  positive  effect  on  the  removal  of  COads  oxidation  for 
the  Pd-PMo12/C  catalyst.  The  high  protonic  conductivity  of  PMo12 
here  facilitates  the  proton  migration  by  the  hydrogen  spillover 
effect  and  thus  accelerates  the  dehydrogenation  of  the  FAEO  on 
the  Pd  surface  [15]. 


4.  Conclusion 

In  this  study,  the  Pd-PMoi2/C  catalyst  was  prepared  by  intro¬ 
ducing  PMoi2  using  an  impregnation  reduction  method.  The 
as-prepared  Pd  NPs  showed  an  average  particle  size  of  3.2  nm  and 
were  uniformly  dispersed  on  the  carbon  surface.  In  this  study, 
PMoi2  not  only  offered  a  large  number  of  uniformly  distributed 
active  sites  for  anchoring  Pd  NPs  but  also  protected  Pd  NPs  form 
agglomeration  by  electrostatic  repulsion  effects.  This  synthesis 
method  may  also  be  useful  in  preparing  other  metal/carbon  nano¬ 
materials.  More  importantly,  the  Pd-PMoi2/C  catalyst  exhibited 
an  enhanced  activity  and  stability  and  a  better  COads  tolerance 
than  the  Pd/C-citrate  catalyst.  The  enhanced  electrocatalytic  per¬ 
formance  of  the  Pd-PMoi2/C  catalyst  for  the  FAEO  was  correlated 
with  its  metal-support  interaction,  richer  hydrous  PdO  content  and 
the  inherent  properties  of  PMoi2.  The  present  structure-activity 


analysis  may  provide  valuable  features  for  the  design  and  prepara¬ 
tion  of  reactive  and  durable  Pd-based  nanocatalysts. 
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